Experimental paleogenetics and paleobiochemistry provide an opportunity to investigate in the laboratory the molecular history of modern organisms[@R1]--[@R4]. The study of resurrected proteins can also reveal valuable information regarding the adaptation of extinct forms of life to climatic, ecological and physiological alterations[@R5]--[@R8]. Despite numerous experimental examples of protein resurrection in the laboratory[@R1], the majority of the resurrected proteins have reconstructed enzymes thought to exist a few million years (Myr)[@R1]--[@R2],[@R9]. Consequently, many hypotheses about ancient life remain untested, especially for time periods associated with dramatic changes in biological systems[@R10]. Such time traveling is largely limited by the ambiguity in the historical models used for ancestral sequence inference. For instance, uncertainties in databases, sequence alignments, failures in evolutionary theories and uncertainty in the construction of phylogenetic trees are common sources of ambiguity[@R1]. Nonetheless, several approaches are commonly used to overcome these limitations and some examples of reconstructed proteins from the Precambrian (4.5--0.5 Gyr ago) have been reported[@R1],[@R11]. One example is the resurrection of an Elongation Factor (EF) gene family from ancient bacteria 0.5 to 3.5 Gyr old [@R9],[@R12]. The ancestral EFs demonstrated that ancient bacteria lived in a hot environment and also revealed a correlation between the thermostability of ancient life and the temperature of ancient oceans as inferred from geological records.

These reconstruction and resurrection studies have paved the way to formulate interesting questions about ancient organisms and the biomolecules supporting these ancient life forms. For instance, little is known about how the chemistry of primitive enzymes arose and how the environmental conditions affected the evolution of their chemistry[@R13]. These questions cannot be directly answered by examining fossil records. In an effort to understand the evolution of enzymatic reactions we have reconstructed and tested thioredoxin enzymes (Trx) from extinct organisms that lived in the Precambrian.

Thioredoxins belong to a broad family of oxidoreductase enzymes ubiquitous in all living organisms[@R14]. The archetypical active site (CXXC) and the Trx fold are well conserved throughout evolution, indicating that Trx enzymes were likely present in primitive forms of life. In previous work, we have shown that by using single molecule force-clamp spectroscopy the chemical mechanisms of disulfide reduction by Trx enzymes can be examined in detail at the sub-Ångström scale[@R15]--[@R16]. Hence, the combination of single-molecule force spectroscopy and the resurrection of ancestral proteins may reveal novel insights into the reductase activity of these sulfur-based enzymes.

RESULTS {#S1}
=======

Reconstruction of ancestral Trx enzymes {#S2}
---------------------------------------

Owing to the large number of extant Trxs sequences available, we have constructed a highly articulated phylogenetic tree encompassing over 200 diverse Trx sequences from the three domains of life ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"} and [Supplementary List](#SD1){ref-type="supplementary-material"} for GI numbers). From this tree we sampled several biologically relevant nodes for sequence reconstruction and laboratory resurrection. Divergence dates estimates were applied to nodes in the tree assuming the root of the tree lies between bacteria and the common ancestor of archaea/eukaryotes[@R17].

We resurrected Trx enzymes belonging to the last bacterial common ancestor (LBCA in [Fig. 1](#F1){ref-type="fig"}), the last archaeal common ancestor (LACA) and the archaeal/eukaryotic common ancestor (AECA) ([Fig. 1](#F1){ref-type="fig"}). These organisms are thought to have inhabited Earth 4.2-3.5 Gyr ago ([Fig. 1a](#F1){ref-type="fig"}) after diverging from the last universal common ancestor (LUCA)[@R7],[@R17]. We also selected a node corresponding to the last eukaryotic common ancestor (LECA) that lived in the Proterozoic, \~1.60 Gyr ago. Two other internal nodes in the bacterial lineages were selected; the last common ancestor of cyanobacterial and deinococcus/thermus groups (LPBCA, representing the origins of photosynthetic bacteria) which existed \~2.50 Gyr ago and represents the origin of photosynthetic bacteria, and the last common ancestor of γ-proteobacteria, \~1.61 Gyr old (LGPCA). Finally, we also chose the last common ancestor of animals and fungi (LAFCA) that lived \~1.37 Gyr ago ([Fig. 1a](#F1){ref-type="fig"}). While it would be interesting to observe the chemical transition between LUCA and the last common ancestors of Bacteria and Archaea/Eukaryotes, the reconstruction of Trx from LUCA cannot be inferred without making far-reaching assumptions about ancient life. For instance, the last common ancestor of bacteria represents an ancient population while the last common ancestor of archaea/eukaryotes represents another ancient population. It is practical to infer that LUCA lies somewhere along the branch connecting these two ancient populations. We cannot, however, identify the position of LUCA (i.e., the ancestral node) without an out-group. We have reason to believe LUCA existed on this branch (based on ancient gene duplication events that gave rise to paralogs still present in all modern organisms) but we do not know where on the branch LUCA existed. As such, this prevents us from inferring the sequence of LUCA (*pace* mid-point rooting).

The sequences of the ancestral Trx enzymes were reconstructed using statistical methods based on maximum likelihood[@R3],[@R9]. For a given node in the tree, we calculated posterior probability values for all 20 amino acids considering each site of the inferred sequence. These values represent the probability that a certain residue occupied a specific position in the sequence at a particular point in the phylogeny. The posterior probabilities were calculated on the basis of an amino acid replacement matrix[@R18]. The most probabilistic ancestral sequence (M-PAS) at a specific node was then reconstructed by assigning to each site the residue with the highest posterior probability. We determined the posterior probability distribution of the inferred amino acids across 106 sites for the selected sequences ([Fig. 1b](#F1){ref-type="fig"}). The M-PASs of interest are summarized in [Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}. The genes encoding these sequences were synthesized and the proteins were expressed and purified from *E. coli* cells.

Thermal stability of ancient Trx enzymes {#S3}
----------------------------------------

As a first step toward investigating the physico-chemical properties of these resurrected enzymes, we used differential scanning calorimetry (DSC) to measure their thermal stabilities. The denaturation temperature (T~m~) can provide an idea about the temperature range in which the proteins are operative. A plot of the T~m~ of the resurrected enzymes against geological time is shown in [Fig. 1c](#F1){ref-type="fig"}. It is striking that the three oldest Trxs enzymes from LBCA, AECA and LACA, show a similar T~m~ of \~113° C. As observed in [Fig. 1c](#F1){ref-type="fig"} (inset), LBCA Trx maintains a highly populated native state up to \~105° C, where the thermal transition begins. By contrast, we determined a T~m~ for modern *E. coli* and human Trxs of 88.8 and 93.3° C, respectively. The ΔT~m~ between the oldest and modern Trx is \~25° C, a similar value to that determined for bacterial EF[@R12], which corroborates the hypothesis of the thermophilic nature of LBCA, AECA and LACA[@R7]. From the data in [Fig. 1c](#F1){ref-type="fig"} we determined a paleotemperature trend yielding a decrease in the T~m~ of 5.8 ±1.8 K/Gyr.

It must be noted that while the thermodynamic denaturation temperatures determined for the ancestral Trxs follow a similar cooling trend than that of ancient oceans, the actual values are about 50° C higher than the ocean temperatures inferred from maximum δ^18^O (see ref. [@R12]). An interesting possibility is that Trx evolution operates primarily on *kinetic* stability and this could be reflected in thermodynamic stability[@R19]. However, other than the obvious loss of function upon denaturation, the particular way in which the value of T~m~ is related to Trx enzyme fitness is still unknown.

Force-dependent chemical kinetics of disulfide reduction {#S4}
--------------------------------------------------------

It is also of great interest to examine the chemical mechanisms of disulfide bond reduction utilized by the resurrected enzymes. Given the ancient origin of the reconstructed Trx enzymes, with some of them predating the buildup of atmospheric oxygen, it seemed logical to assume that their catalytic chemistry might be closer to that of simple sulfur based molecules which utilize a straightforward collision-driven substitution nucleophilic bimolecular (S~N~2) mechanism of reduction[@R20]. By contrast, Trx enzymes are known to utilize a complex mixture of chemical mechanisms including a critical substrate binding and rearrangement reaction that accounts for the vast increase in the efficiency of Trx over the simpler sulfur compounds that were available in early geochemistry[@R15]--[@R16].

Recently, we have developed a single molecule force-spectroscopy based assay that measures the effect of applying a well-controlled force to a disulfide bonded substrate, on its rate of reduction by a nucleophile. This assay readily distinguishes the simple S~N~2 chemistry of nucleophiles such as hydroxide, glutathione and L-cysteine, from the more complex reduction chemistry of the Trx enzymes[@R15]--[@R16],[@R21]--[@R24], making it the ideal assay to probe the chemistry of the resurrected enzymes. [Fig. 2](#F2){ref-type="fig"} demonstrates our approach. As a substrate, we use an engineered polyprotein made of eight repeats of the I27 immunoglobulin-like protein modified by mutating amino acids 32^nd^ and 75^th^ to cysteine (I27~G32C--A75C~)~8~. The cysteines oxidize spontaneously, forming disulfide bonds that are hidden within each folded I27 domain in the chain. We pick up and stretch single polyproteins using an AFM, in solutions containing the desired nucleophile. In a typical experiment, we first apply a constant force to the polyprotein (175--185 pN, 0.2--0.3 s) which rapidly unfolds the I27~G32C--A75C~ modules up to the disulfide bond. The unfolding events result in a stepwise increase in the length of the polyprotein where each module contributes with \~11 nm in length ([Fig. 2a](#F2){ref-type="fig"}, [Supplementary Fig., 3](#SD1){ref-type="supplementary-material"}). After unfolding, every disulfide bond is exposed to the solvent. If active Trx enzymes are present in the solution, single reduction events of \~14 nm per module can be readily observed ([Fig. 2a, b](#F2){ref-type="fig"}; [Supplementary Fig. 3, 4](#SD1){ref-type="supplementary-material"}). Remarkably, all the ancestral enzymes that we resurrected were able to trigger staircases of reduction events ([Fig 2b](#F2){ref-type="fig"} and [Suppementary Fig. 3, 4](#SD1){ref-type="supplementary-material"}) indicating that they were all active. In order to measure the reduction rate, we sum 15--80 reduction staircases similar to the one shown in [Fig. 2b](#F2){ref-type="fig"}, and fit the resulting average with a single exponential. We repeat this procedure for different pulling forces ([Fig. 2c](#F2){ref-type="fig"}). The resulting set of data measures the force-dependency of the rate of reduction of the disulfide bond ([Fig. 2d](#F2){ref-type="fig"}).

In our previous work we showed that the chemical mechanisms of disulfide reduction can be distinguished by their sensitivity to the force applied to the substrate[@R16]. We demonstrated that simple thiol reducing agents showed a force-dependency where the rate always increased exponentially with the applied force[@R21]--[@R22]. By contrast, modern Trx enzymes showed a negative force dependency in the range of 30--200 pN[@R16]. This mechanism is consistent with a Michaelis-Menten binding reaction followed by a force-inhibited reorientation of the substrate disulfide bond, necessary for an S~N~2 reaction to occur[@R15]. In a second mechanism, the rate of reduction increases exponentially at forces above 200 pN. This mechanism can be described by a simple S~N~2 reaction and is found only in Trx enzymes of bacterial origin. Present in all Trxs enzymes there is a force-independent mechanism of reduction that can be ascribed to a single electron transfer reaction[@R16].

Surprisingly, the same three reduction mechanisms can be observed in the ancient enzymes with similar patterns to those found in extant Trxs ([Fig. 2d](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}). Indeed, we can easily fit the force-dependency of the reduction rate measured from the resurrected enzymes using the three-state kinetic model that was previously used with modern Trxs[@R15]--[@R16] (see methods section and [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). One might expect that Trx enzymes from primitive forms of life should have less-developed chemical mechanisms. For instance, one of the main factors controlling the chemistry of Trx catalysis is the geometry of the binding groove. In the case of modern bacterial-origin Trxs, the binding groove is less pronounced than in eukaryotic Trxs[@R16]. This structural difference is responsible for the different chemical behavior observed in eukaryotic *versus* bacterial Trxs. It seems reasonable that ancient enzymes would have had a less-structured groove making their chemistry more similar to that of simple reducing agents like L-cysteine or TCEP[@R22]. However, the chemistry of Trx enzymes seems to have been established very early in evolution, about 4 Gyr ago, in the same manner that it is observed today. This observation suggests that the step from simple reducing compounds to well-structured and functional enzymes occurred early in molecular evolution[@R10].

Nonetheless, several features of the catalytic mechanisms of some ancestral Trxs are intriguing. For instance, it is remarkable the high activity observed for AECA and LACA Trxs when the substrate is pulled at forces below 200 pN ([Fig 2d](#F2){ref-type="fig"} and [3b](#F3){ref-type="fig"}). From the fitting of the reduction rate *versus* force data to the three-state kinetic model, an extrapolation to zero force yields rate constants of 30×10^5^ M^−1^ s^−1^ for AECA Trx and 29×10^5^ M^−1^ s^−1^ for LACA Trx. Interestingly, the extrapolation to zero force in the rest of ancestral Trxs predicts rate constants ranging from 3.7×10^5^ M^−1^ s^−1^ to 6.6×10^5^ M^−1^ s^−1^ ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). Although these latter values are within the same range to those found in extant Trx enzymes using AFM ([Fig. 3](#F3){ref-type="fig"} and ref [@R16]) and also using bulk experiments[@R25], we can observe a trend in the reconstructed enzymes showing higher reduction rates at forces below 200 pN ([Fig. 3](#F3){ref-type="fig"}). We speculate that this trend may be related to their substrate specificity. Ancient enzymes may be less substrate specific than modern ones, therefore being more efficient with generic substrates such as those used here. Another interesting feature is the small upward slope observed at low forces for LBCA Trx with a maximum at \~100 pN ([Fig. 3a](#F3){ref-type="fig"}). Although structural information would be needed to fully address this point, it seems possible that the binding between substrate and enzyme is not optimum at zero force. A better conformation appears to be achieved by applying force to the substrate.

We also measured the activity of the ancestral enzymes using the conventional insulin assay ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). We found than the values of insulin precipitation rates obtained with this assay are similar than previously determined for *E. coli* Trx[@R26]--[@R27].

Activity of ancestral Trxs under acidic conditions {#S51}
--------------------------------------------------

LBCA, AECA and LACA thrived in an anoxygenic environment likely rich in sulfur compounds and CO~2~ whereas LPBCA, LECA, LGPCA and LAFCA lived in an global oxygenic environment[@R10] ([Fig. 1a](#F1){ref-type="fig"}). The high level of CO~2~ in the Hadean was partly responsible for the proposed low pH of the ancient oceans (\~5.5)[@R28]--[@R29]. Therefore, following the hypothesis that early life lived in seawater, the natural habitat in which LBCA, AECA and LACA lived was likely to have been acidic in addition to hot. This is especially important given that the reactivity of Trx enzymes is due, in part, to the low pK~a~ value of the reactive Cys: \~6.5 *vs.* 8.0 for free cysteine[@R14]. This low pK~a~ value is a consequence of complex electrostatic interactions between several residues that stabilize the deprotonated form of the reactive cysteine[@R30]. Thus, Trx activity is highly sensitive to pH and modern enzymes would not work well at low pH because the catalytic thiol would be protonated and inactive. To examine these considerations we compared the reactivity of LACA, AECA and LBCA enzymes with the extant human and *E. coli* Trx enzymes at pH 5. The remarkable ability of the resurrected enzymes to operate in low pH environments is apparent from these experiments. We measured the force dependency of reduction for AECA, LACA and LBCA at pH 5, over the 50--150 pN force range ([Fig. 4a](#F4){ref-type="fig"}). For AECA Trx, an extrapolation to zero force gives a reduction rate constant of 19×10^5^ M^−1^ s^−1^ ([Fig. 4a](#F4){ref-type="fig"}, solid line); similarly for LACA we estimated a rate constant of 6.2×10^5^ M^−1^ s^−1^ whereas for LBCA Trx the reduction rates observed at pH 5 are strikingly similar to those measured at pH 7.2 ([Fig. 4a](#F4){ref-type="fig"}). These are very high values similar to those measured for some modern Trx enzymes at neutral pH (ref [@R16]). We also compared the rate of reduction measured at 100 pN for LBCA, LACA and AECA with the rates of some modern Trx enzymes also measured at pH 5 ([Fig. 4b](#F4){ref-type="fig"}).

Due to spontaneous precipitation of insulin at pH below 6, we used DTNB as a substrate for disulfide reduction to further verify the ability of the oldest enzymes to work at pH 5 ([Fig. 4c](#F4){ref-type="fig"}). This analysis of reconstructed enzymes indicates that that ancient Trx enzymes were well adapted to function under acidic conditions and that Trx enzymes were able to maintain similar reduction rate constants as they evolved into more alkaline environments. A feature of the thioredoxin family of enzymes is that many of them are secreted to the extracellular environment where most disulfide-bonded proteins are found[@R31]--[@R32]. From this perspective, thioredoxin enzymes are perhaps one of the few enzymes where a correlate can be established between their pH sensitivity and the environmental conditions found outside cells[@R31]--[@R32]. It is interesting to compare the acid tolerance of the resurrected enzymes with enzymes from extant extremophiles. For example, Trx from *Sulfolobus tokodaii* (thermophilic archaea[@R33]), with a melting temperature of 122° C ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}), is active at pH 7 (0.12×10^5^ M^−1^ s^−1^ at 50 pN), but does not show detectable activity at pH 5 ([Fig. 4b](#F4){ref-type="fig"}), which is not surprising given that *Sulfolobus* regulates its cytosolic pH[@R34]. By contrast, Trx from *Acetobacter aceti* (acidophilic bacteria[@R35] that grows at pH 4) is active at pH 5 (0.6×10^5^ M^−1^ s^−1^ at 100 pN), reflecting its acidic cytosol[@R35]--[@R36].

DISCUSSION {#S5}
==========

Our results show that the chemical mechanisms observed in modern Trx enzymes were already present in reconstructed Trxs predicted to be present in Precambrian organism. Our data support the view that ancestral Trx enzymes from LBCA, AECA and LACA that lived in the mid-to-late Hadean were highly resistant to temperature and active in relatively acidic conditions. Our results support the view that in early life Trx enzymes were present in hot environments and these environments have progressively cooled from 4 to 0.5 Gyr ago[@R10],[@R12],[@R37]--[@R38]. However, it is also possible that a much cooler early Earth was populated by psychrophiles, mesophiles and thermophiles where the latter could have been the only survivors of cataclysmic events (e.g., the late heavy bombardment or global glaciations on Early Earth[@R10],[@R39]). Our findings also support the idea that many important biochemical pathways in the modern biosphere were already established by 3.5 Gyr ago[@R10]. For instance, metabolism is one of the most conserved cellular processes. Important pathways like energy production, sugar degradation, cofactor biosynthesis or amino acid processing are highly conserved from bacteria to human and were likely present in LUCA[@R40]. Evolution clearly operates at multiple levels of biological organization; however, enzymatic mechanisms accompanying adaptive changes seem to be highly conserved. The ability of enzymes to maintain specific chemical reactivity and mechanisms in disparate environments is necessary for the diversification of life. As we show here, this ability is exemplified by Trx enzymes and it could also be the case of universal proteins, e.g., ubiquitin, RNase, ATPase or other metabolic enzymes that have been maintained in nearly all organisms throughout the history of life. We propose that the experimental resurrection of ancestors of these universal proteins together with the sensitivity of single-molecule techniques can be a powerful tool towards understanding the origin and evolution of life on Earth.

METHODS {#S6}
=======

Phylogenetic analysis and ancestrtal sequence reconstruction {#S7}
------------------------------------------------------------

A total of 203 thioredoxin sequences from the three domains of life were retrieved from GenBank. A list of GI number can be found in the [supplementary information (Supplementary List)](#SD1){ref-type="supplementary-material"}. Sequences were aligned using MUSCLE[@R41] and further corrected manually. The multiple sequence alignment is available upon request. The phylogenetic analysis was carried out by the minimum evolution distance criterion with 1000 bootstrap replicates using PAUP\* 4.0 beta (Sinauer Associates, Inc.). Ancestral sequences were reconstructed using PAML version 3.14 and incorporated the gamma distribution for variable replacement rates across sites[@R42]. For each site of the inferred sequences, posterior probabilities were calculated for all 20 amino acids. The amino acid residue with the highest posterior probability was then assigned at each site.

Protein Expression and Purification {#S8}
-----------------------------------

Genes enconding the ancestral Trxs enzymes were synthesized and codon-optimized for expression in *E. coli* cells (Epoch Biolabs, TX). The genes were cloned into pQE80L vector (Qiagen) and transformed in *E. coli* BL21 (DE3) cells (Invitrogen). Cells were incubated overnight in LB medium at 37 °C and protein expression was induced with 1mM IPTG. Cell pellets were sonicated and the His 6-tagged proteins were loaded onto *His GraviTrap* affinity column (GE Healthcare). The purified protein was verified by SDS-PAGE. The proteins were then loaded into PD-10 desalting column (GE Healthcare) and finally dialysed against 50 mM HEPES, pH 7.0 buffer. The preparation of (I27~G32C-A75C~)~8~ was carried out as described previously[@R15],[@R43].

DSC experiments {#S9}
---------------

Thermal stabilities of ancestral and modern Trx enzymes were measured with a VP-Capillary DSC (MicroCal). Protein solutions were dialyzed into a buffer of 50 mM HEPES, pH 7. The scan speed was set to 1.5 K/min. Several buffer-buffer baselines were first obtained for proper equilibration of the calorimeter. Concentrations were 0.3--0.7 mg/mL and were determined spectrophotometrically at 280 nm using theoretical extinction coefficients and molecular weights. The experimental traces were analyzed following the two-state thermodynamic model[@R44].

AFM experiments {#S10}
---------------

The atomic force microscope used is a custom-made design previousy described[@R45]. Cantilever model MLCT of silicon nitride were used (Veeco). We calibrate the cantilever using the equipartition theorem[@R46] giving rise to a typical spring constant of 0.02 N/m. The AFM works in the force-clamp mode with length resolution of 0.5 nm. The feedback response can reach 5 ms. The buffer used in the experiment is 10 mM HEPES, pH 7.2, 150 mM NaCl, 1 mM EDTA, 2mM NADPH. We add Trx enzymes to a desire concentration. The buffer also contains Trx reductase 50nM to keep Trx enzymes in their reduced state. *E. coli* Trx reductase works well with bacterial-origin Trx enzymes whereas eukaryotic Trx reductase works with Archaea/Eukaryote Trx enzymes; however, similar results are obtained when using DTE 200 μM to keep Trx enzymes reduced, thus demonstrating that modern Trx reductases maintain fully reduced ancestral Trx enzymes. For the experiments at pH 5 we used 20 mM sodium acetate buffer and 200 μM DTE.

To perform the experiment we deposited 3--6 μl of substrate \~0.1 mg/mL on a gold-covered coverslide. A drop of \~100 μl containing the Trx solution was then added. The force-clamp protocol consists of three pulses of force. In the first pulse the cantilever tip was pressed against the surface at 800 pN for 2s. In the second pulse the attached (I27~G32C-A75C~)~8~ is stretched at 175--185 pN for 0.2--0.3s. The third pulse is the test force where the reduction events are captured. This pulse is applied at different forces 30--500 pN time enough to capture all the possible reduction events.

The traces are collected and analyzed using custom-written software in Igor Pro 6.03 (Wavemetrics). The traces containing the reduction events at each force were summated, normalized and fitted with a single exponential. From the fitting we can obtain a time constant, *τ*, and thus the reduction rate at a given force (*r* = 1/*τ*). Bootstrapping method was used to obtain the error of the reduction rates. The bootstrapping was run 1000 times for each reduction rate obtaining a distribution from where the s.e.m. can be calculated.

Thioredoxin bulk enzymatic measurements {#S11}
---------------------------------------

Bulk-solvent oxidoreductase activity for ancestral thioredoxins was determined using the insulin precipitation assay as described elsewhere [@R26]--[@R27],[@R43]. In order to further verify the activity of ancestral Trxs enzymes at acidic pH, we used DTNB (5,5′-dithiobis-(2-nitrobenzoic acid)) as substrate at pH 5. In this assay, Trxs enzymes were preactivated by incubation with 1 mM DTT. The reaction was initiated by adding active Trx to a final concentration of 4 μM to the cuvette containing 1mM DTNB in 20 mM sodium acetate buffer, pH 5. Change in absorbance at 412 nm due to the formation of TNB was followed during 1 min. Activity was determined from the slope dΔA~412~/dt. A control experiment lacking Trx was registered and subtracted as baseline.

AFM data analysis {#S12}
-----------------

The data were fitted following a three-state kinetic model previously described[@R15]--[@R16]. In this model three different chemical mechanisms are taken into account. The rate constants used in the kinetic model are: $$\begin{matrix}
{k_{01} = \alpha_{0}\lbrack\text{Trx}\rbrack} \\
{k_{12} = \beta_{0}\exp\,(F\Delta x_{12}/k_{\text{B}}\text{T}) + \lambda_{0}} \\
{k_{02} = \gamma_{0}\lbrack\text{Trx}\rbrack\exp\,(F\Delta x_{02}/k_{\text{B}}\text{T}) + \lambda_{0}} \\
{k_{10} = \delta_{0}} \\
\end{matrix}$$

Rate constants *k*~01~ and *k*~02~ depend on Trx concentration in a linear manner. *k*~12~ and *k*~02~ exponentially depend on force. The kinetic model is solved using matrix analysis and parameters *α*~0~, *β*~0~, Δ*x*~12~, *γ*~0~, Δ*x*~02~, *λ* and *δ*~0~ can be obtained for each ancestral enzyme. The optimal kinetic parameters are calculated by numerical optimization using the downhill simplex method [@R47] ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). An extensive explanation of the different chemical mechanisms can be found in reference [@R16] where the origin of this chemical diversity was explained on the basis of the structural features of the binding groove.

Igor Pro software was used for data analysis. All figures were generated using Igor Pro and Adobe Illustrator CS4.
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![Phylogenetic analysis of Trx enzymes and ancestral sequence reconstruction\
**(a)** Schematic phylogenetic tree showing the geological time in which different extinct organisms lived, i.e., last bacterial common ancestor (LBCA); last archaeal common ancestor (LACA); archaea/eukaryota common ancestor (AECA) and last eukaryotic common ancestor (LECA). Other internal nodes are: the last common ancestor of cyanobacterial and deinococcus/thermus groups (LPBCA), the last common ancestor of γ-proteobacteria (LGPCA), and the last common ancestor of animals and fungi (LAFCA). The dashed lines represent further bifurcations. Divergence times are compiled from multiple sources and are summarized in the Timetree of Life[@R17]. The figure indicated the global environment; although both aerobic and anaerobic organisms are found in modern environments. **(b)** Posterior probability distribution of the inferred amino acids across 106 sites for the interested internal nodes. The inferred amino acid at each site for the interested internal node is the residue with the highest posterior probability. **(c)** Denaturation temperatures (T~m~) *vs.* geological time for ancestral Trx enzymes. Modern *E. coli* and Human Trx enzymes are also indicated. The dashed line represents a lineal fit to the data. The inset shows experimental DSC thermograms for *E. coli* Trx and LBCA Trx. The instrumental uncertainty of DSC measurements is \< 0.5 °C.](nihms267736f1){#F1}

![Single-molecule disulfide reduction assay\
**(a)** Schematic representation of the singe-molecule disulfide reduction assay. A first pulse of force rapidly unfolds the I27~G32C--A75C~ domains (11 nm step). When the disulfide bond is exposed to the solvent a single Trx molecule can reduce it (14 nm step) **(b)** Experimental force-clamp trace showing single disulfide reductions of a (I27~G32C--A75C~)~8~ polyprotein. The unfolding pulse was set at 185 pN for 0.2 s and the test-pulse force at 500 pN. **(c)** Probability of reduction (*P*~red~(t)) resulted from summing and normalizing the reduction test pulse at different forces for AECA Trx (3.5 μM). **(d)** Force-dependency of disulfide reduction by AECA Trx; human Trx is also shown for comparison. Both Trx enzymes show a similar pattern: a negative force-dependency of the reduction rate, from 30--200 pN, consistent with a Michalis-Menten mechanisms and a force-independent mechanism, from 200 pN and up, described by an electron transfer reaction[@R16]. Notice the higher activity for AECA Trx (3.5 μM for AECA Trx *vs.* 10 μM for human TRX). The lines represent fittings to the kinetic model (see methods). The error bars are given by the s.e.m. obtained using the bootstrap method.](nihms267736f2){#F2}

![Force-dependence of disulfide reduction by ancestral Trx enzymes\
The reduction rate at a given force is obtained by summing, averaging and fitting to a single exponential numerous traces (15--80) like the one shown in [Fig. 2b](#F2){ref-type="fig"}. The solid lines are fitting to the kinetic model. The grey circles and dashed lines represent the rate vs. force dependence for modern Trxs: **(c)** Pea Trx*m* from chloroplast, **(d)** *P. falciparum* Trx, **(a,e)** *E. coli* Trx and **(f)** Human Trx (all extracted from ref.[@R16]). These modern Trxs are descendants of the ancestral Trxs in the same plot. The error bars are given by the s.e.m. obtained using the bootstrap method.](nihms267736f3){#F3}

![Rate constants of disulfide bond reduction at pH 5\
**(a)** A high activity for AECA (squares) and LACA (circles) Trxs can be observed at pH 5 when the substrate is pulled at low forces (50--150 pN). LBCA Trx (triangles) shows similar activity than that at pH 7.2 also with a similar trend ([Fig. 3a](#F3){ref-type="fig"}). The solid lines are exponential fit to the experimental data. **(b)** Rate constants for disulfide reduction by ancestral Trx enzymes are considerably higher than those measured for modern *E. coli* and human Trx. While thioredoxin from the acidophile *Acetobater aceti* shows activity at pH 5, enzymes from the thermophilic *Sulfolobus tokodaii* do not show a detectable rate of reduction at the same pH. All experiments were conducted at a pulling force of 100 pN. The error bars are given by the s.e.m. obtained using the bootstrap method. **(c)** Activity of ancestral Trxs and modern *E. coli* Trx measured using DTND as substrate at pH 5 and determined by monitoring spectrophotometrically the formation of TNB at 412 nm. The error bars represent s.d. from three different measurements.](nihms267736f4){#F4}
